Increased cell senescence contributes to the pathogenesis of aging and aging-related disease. Senescence of human fibroblasts in vitro may be delayed by culture in low glucose concentration. There is also accumulating evidence of senescence delay by exposure to dietary bioactive compounds that activate transcription factor Nrf2. The mechanism of cell senescence delay and connection between these responses is unknown. We describe herein that the cruciferous vegetable-derived metabolite, sulforaphane (SFN), activates Nrf2 and delays senescence of human MRC-5 and BJ fibroblasts in vitro. Cell senescence is associated with a progressive and marked increased rate of glucose metabolism through glycolysis. This increases mitochondrial dysfunction and overwhelms defences against reactive metabolites, leading to increasing proteomic and genomic oxidative damage. Increased glucose entry into glycolysis in fibroblast senescence is mainly mediated by increased hexokinase-2. SFN delayed senescence by decreasing glucose metabolism on the approach to senescence, exhibiting a caloric restriction mimeticlike activity and thereby decreased oxidative damage to cell protein and DNA. This was associated with increased expression of thioredoxin-interacting protein, curbing entry of glucose into cells; decreased hexokinase-2, curbing entry of glucose into cellular metabolism; decreased 6-phosphofructo-2-kinase, downregulating formation of allosteric enhancer of glycolysis fructose-2,6-bisphosphate; and increased glucose-6-phosphate dehydrogenase, downregulating carbohydrate response element-(ChRE-) mediated transcriptional enhancement of glycolysis by Mondo/Mlx. SFN also enhanced clearance of proteins crosslinked by transglutaminase which otherwise increased in senescence. This suggests that screening of compounds to counter senescence-associated glycolytic overload may be an effective strategy to identify compounds with antisenescence activity and health beneficial effects of SFN in longevity may involve delay of senescence through glucose and glycolytic restriction response.
Introduction
Human diploid fibroblasts exhibit a progressive decreased replication rate in culture, eventually reaching a maximum cumulative number of cell replications called the limiting population doubling level or Hayflick limit [1] . This process is called replicative senescence (RS). It reflects the dysfunction of mitotic control of dividing cells and reflects the aging process, with also metabolic relevance to the aging of postmitotic cells. Phenotypic characteristics of the approach to RS are exit from the cell cycle, unresponsiveness to growth factors, shortening of telomeres, increase in cell size and heterogeneity, expression of β-galactosidase (β-gal), senescenceassociated secreted phenotype (SASP), and others [2] . Senescence may be activated independent of shortening of telomers where an abnormal response to DNA replication stress or telomer damage may be involved [3, 4] . The relevance of the RS model to human ageing is claimed through the observation of increased β-gal activity in the skin of elderly people [5] and association of cell senescence in human disease [6] . Delay of senescence weakens engagement of cells in senescence pathways or blocks mediators of RS.
Senescence of human fibroblasts in vitro is delayed by culture with abnormally low glucose concentration and exacerbated by culture with high glucose concentration [7, 8] . This reflects caloric restriction (CR) and caloric excess, respectively. CR has been used as an experimental intervention to delay the onset and consequences of aging, although evidence of its effectiveness in human subjects is limited [9] . A strategy to circumvent poor compliance in keeping to CR regimes in vivo is the development of caloric restriction mimetics -small molecules that produce similar effects on ageing and senescence delay as CR without limiting caloric intake. The mechanistic basis of this remains unclear [10] .
A long-held concept in theories of cell senescence is the increased wear-and-tear of cell proteins leading to increased formation of reactive oxygen species (ROS) and related increased steady-state levels of oxidative damage to proteins and DNA -with telomere attrition associated with the latter [11, 12] . Development of small-molecule antisenescent compounds has often focussed on activators of transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 regulates the cellular expression of a battery of protective genes countering oxidative stress, environment toxic insults, and lipid peroxidation [13] . Increased activation of Nrf2 may thereby decrease macromolecular damage and delay senescence. Nrf2 is a constitutive translocational oscillator, sensing challenge to homeostasis in the cell cytoplasm and activating a proportionate protective transcriptional response [14] . Silencing of Nrf2 leads to premature senescence [15] . Activators of Nrf2 increase the expression of genes linked to an antioxidant cytoprotective response, pentose phosphate pathway metabolism, aldehyde metabolism, autophagy, and proteasomal proteolysis and decrease the expression of sterol response element binding protein-1 (SREBF1) and related lipogenic gene expression [13, 14] . No link between Nrf2 and CR in delay of fibroblast senescence has hitherto been made, but herein we reveal that this plays a crucial role.
Materials and Methods

Cells and Reagents.
Human fetal lung MRC-5 fibroblasts and human foreskin BJ fibroblasts were purchased from the European Collection of Animal Cell Cultures (ECACC, Porton Down, London, UK). MRC-5 and BJ cells were grown in Eagle's Minimum Essential Medium (MEM; Invitrogen Paisley, Scotland) supplemented with 10% fetal bovine serum (FBS) (Labtech International Ltd., Uckfield, UK), 1% penicillin-streptomycin (Sigma-Aldrich, Poole, Dorset, UK), 2 mM L-glutamine, and 100 mM sodium pyruvate (Invitrogen). R-Sulforaphane (SFN, ≥95%), L-lactic dehydrogenase (rabbit muscle), pepsin (porcine stomach mucosa), pronase E (Streptomyces griseus), leucine aminopeptidase type VI (porcine kidney) and prolidase (from porcine kidney, specific activity 145 units/mg protein), L-lactic acid, senescence cell staining kit (cat. no. CS0030), and glucose assay kit (cat. no. GAHK20) were from Sigma-Aldrich (Poole, UK). A Qiagen RNeasy Mini Spin column was purchased from Qiagen (West Sussex, UK). Reagents for microarray analysis were from Agilent Technologies UK Ltd. (Wokingham, Berkshire).
MRC-5 and BJ Fibroblast
Culture. MRC-5 and BJ fibroblasts were passaged every 7 days: seeding density -4000 cells/cm 2 for MRC-5 fibroblasts and 3000 cells/cm 2 for BJ fibroblasts. Cell viability was assessed by the Trypan Blue dye exclusion technique. Cells were cultured under 5% CO 2 in air, 100% humidity at 37°C with Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/mL penicillin, and 100 μg/mL streptomycin. MRC-5 fibroblasts were treated with and without 1 μM R-sulforaphane (SFN, ≥95%) in DMSO (final DMSO concentration 0.002%), added 24 h after the start of each passage, from passage 2 until senescence at passage 12. BJ fibroblasts were treated similarly from passages 3 to 22.
Custom Quantitative mRNA Array and Microarray
Analysis. MRC-5 fibroblasts at passage 4 were seeded in 6-well plates (200,000 cells per well). After 24 h, 1 μM SFN or vehicle control (0.002% DMSO) was added and cultures continued for 4, 8, 12, 24, 36, 48 , and 72 h. Thereafter, cells were collected and washed twice with ice-cold phosphate-buffered saline. MRC-5 fibroblasts treated chronically with and without SFN from passage 3 to passage 11 were also analysed. Relative mRNA copy number was determined using 600-800 ng total RNA in a custom 50-gene by the NanoString method [16] , outsourced to NanoString (Seattle, USA). References genes were β-actin (ACTB), clathrin heavy chain 1 (CLTC), and β-glucuronidase (GUSB). Total RNA (600 ng) from the same samples was used for microarray analysis, analysing the expression of 20,773 genes. The hybridization sample was loaded into an Agilent SureHyb chamber/SureHyb gasket slide and heated at 65°C for 17 h at 10 rpm. Slides were washed, dried, and scanned using an Agilent scanner and data extracted using Agilent Feature Extraction Software v11.5. There were 3 biological replicates and one technical replicate. Spot intensities were log 2 -transformed and normalized and differences assessed by Student's t-test.
Real-Time Quantitative Reverse Transcription PCR (qRT-PCR).
Reverse transcriptase reaction was performed with 100 ng (BJ cells) or 50 ng (MRC-5 cells) total RNA and using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™). The reaction was incubated at 25°C for 10 min, then 37°C for 2 h, and then 85°C for 5 min. After 2-fold dilution, 2 μL reverse transcription product cDNA was used for qRT-PCR by the SYBR Green technique with SYBR® Green JumpStart™ Taq ReadyMix (S4438 Sigma) on an ABI 7500 real-time PCR system. The reaction volume was 15 μL, temperature 95°C for 2 min, followed 40 cycles at 95°C for 15 s and 60°C for 1 min. The primers were as follows: TXNIP forward: 5 ′ -CTGGCGTAA GCTTTTCAAGG-3 ′ , reverse: 5 ′ -AGTGCACAAAGGGG AAACAC-3 ′ ; HK1 forward: 5 ′ -CTGCTGGTGAAAATCC GTAGTGG-3 ′ , reverse: 5 ′ -GTCCAAGAAGTCAGAGATG CAGG-3′; and HK2 forward 5′-TCCACTCCTCTCAGCA TTGG-3′, reverse 5′-CTTGCCCCATTATCCCATGC-3′. The quantification for each gene expression level was evaluated using a standard curve. Gene expression was normalized to ribosomal protein L19 (MRC fibroblasts) or ACTB (BJ fibroblasts).
2.5. Western Blotting. The cell protein extract was prepared with RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM, Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , and 1 μg/mL leupeptin) containing a protease inhibitor cocktail and phosphatase inhibitor cocktail (Cell Signaling Technology #9806). Cell protein (20 μg) was electrophoresed on 10% polyacrylamide gels, transferred to a polyvinylidene difluoride membrane, and blocked with 3% (w/v) bovine serum albumin (BSA) in Tris-buffered saline with Tween 20 (TBST): 10 mM Tris/HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20. Membranes were blotted with a primary antibody at 4°C overnight, washed with TBST, and a secondary antibody was added for 1 h at room temperature. After washing, immunoreactivity was detected using enhanced chemiluminescence using visualization with GNOME XRQ NPC (Syngene, Cambridge, UK). Protein band intensities were quantified by ImageQuant TL software (GE Healthcare, Little Chalfont, UK). For the reference protein, β-actin, membranes were stripped with a stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris/HCl, pH 6.8), blocked with 3%(w/v) BSA in TBST, and re-probed with an anti-β-actin antibody.
2.6. Other Analysis. Protein glycation, oxidative damage and N ε (γ-glutamyl)lysine (GEEK) adducts of cell protein and related excreted free adducts, 8-oxodG excreted into culture medium, and reduced glutathione (GSH) content of MRC-5 cells were assayed by stable isotopic dilution analysis liquid chromatography-tandem mass spectrometry as described [17] [18] [19] [20] .
2.7. Statistical Analysis. Experiments were performed using ≥3 biological replicates. Data are presented as mean ± SD. Significance testing was performed using Student's t-test for 2 data group comparisons and one-way ANOVA for 4 group comparisons; ANOVA repeated measures analysis was used for repeated observations of cells of common lineage and treatment. Bonferroni corrections were applied for transcriptomics microarray and quantitative mRNA custom array (NanoString) data. Median growth inhibitory GC 50 values of SFN were determined by nonlinear regression of viable cell number (V) data on SFN concentration, fitting to the equation V %of control = 100 × GC 50 n / GC 50 n + SFN n , and solving for GC 50 and logistic regression coefficient, n. Statistical significance was performed using the Statistical Package for the Social Sciences (SPSS) Version 24.0 (SPSS Inc., Chicago, USA). Significance was defined as P < 0 05.
Results
Delay of Replicate Senescence in Human MRC-5 and BJ
Fibroblasts by Low Concentration Sulforaphane. When human MRC-5 fibroblasts were incubated in primary culture with SFN, growth arrest and toxicity was induced at ≥2 μM with a median growth inhibitory GC 50 concentration of 2.60 ± 0.03 μM (Figure 1(a) ). Culture of MRC-5 fibroblasts through 12 passages led to senescence with a maximum cumulative population doubling level (cPDL) of 38.7 ± 0.1 (n = 3) at passage 8. Concurrent treatment with 1 μM SFN at the start of each passage from passage 2 delayed maximum cPDL to passage 10 to 40.9 ± 0.1-an increase in cPDL of 2.2 (n = 3, P < 0 001) with mean ΔcPDL 1.9, with respect to the untreated control (Figure 1(b) ). In four independent replicate studies, the increase in cPDL achieved with SFN treatment above the control was 2.0 ± 0.3 (P < 0 001). A similar effect was found with human BJ fibroblasts where SFN had a GC 50 of 6.09 ± 0.31 μM (Figure 1(c) ) and treatment with 1 μM SFN at the start of each passage from passage 3 led to delayed and increased maximum cPDL at passage 22 of 29.8 ± 0.1-a maximum cPDL increase of 3.5 (n = 3, P < 0 001) (Figure 1(d) ). A feature of the delay in senescence induced by SFN hitherto not recognised is the suppression of senescence-associated increased glucose consumption. As senescence approaches in MRC-5 fibroblasts, there was a 3-fold increase in glucose consumption. Treatment with SFN progressively suppressed this increase by 19% at passage 4 to 53% at passage 12 ( Figure 1(e) ). A similar effect was found in the delay of senescence by SFN in BJ fibroblasts, albeit a decrease in glucose consumption occurring at late passages when senescence was delayed (Figure 1(f) ). There was also a decrease in net L-lactate formation (Figure 1(g) ) and onset of increased cell senescence -as indicated by decreased cell staining for β-galactosidase activity with SFN treatment (Figure 1(h) ). Also, on the approach to senescence in MRC-5 fibroblasts, the flux of formation of the DNA oxidative damage marker 8-oxodeoxyguanosine (8-OxodG) was increased by ca. 4-fold from passages 5 to 8 which was partly prevented by treatment with SFN ( Figure 1(i) ). Hence, there is evidence of increased genomic oxidative damage concomitant with the earliest stages of increased glucose metabolism in MRC-5 fibroblasts. There was no effect of SFN on the expression of elastin (ELN) and cathepsin O (CTSO), but there was a decrease in the expression of sterol regulatory element-binding protein 1 (SREBF1) which may contribute to the suppression of cell senescence [21] (Figures 2(q)-2(t)). SFN also induced minor increases in ARE-linked genes FTH1, PDRX1, GCLC, MRP2, and AKR1C1 and a minor decrease in NFKB3 (RelA/p65) ( Figure S1 ). p65 expression, as part of the NF-κB system, * , * * , and * * * , P < 0 05, P < 0 01, and P < 0 001 with respect to cPDL of untreated control at passage 4 control of MRC-5 fibroblasts (e, g-i) and passage 9 control of BJ fibroblasts (f); o and oo, P < 0 05 and P < 0 01 with respect to untreated control of the same passage; t-test; N = 3 except N = 21 and N = 17 for determination of GC 50 values for SFN in MRC-5 and BJ cells, respectively. is a key positive regulator of the senescence-associated secreted phenotype [22] .
We next compared the expression of ARE-linked genes and senescent-related genes in nonsenescent and senescent MRC-5 fibroblasts -cells from passages 3 and 11, respectively -and the effect of SFN treatment. Relative mRNA copy number assessment showed decreased expression of redoxrelated genes, NQO1, GSR, TXN, and TXNRD1, in senescence with increased expression by SFN in both nonsenescent and senescent fibroblasts, correcting the decrease in senescence (Figures 3(a)-3(d) ). For FTH1 and HMOX1, expression was decreased in senescence and SFN increased the expression in both nonsenescent and senescent fibroblasts but failed to correct the decrease in senescence completely (Figures 3(e) and 3(f)). For other redox genes, CAT, PDRX1, and GCLM, expression was increased in senescence and treatment with SFN increased the expression further (Figures 3(g)-3(i) ). Expression of other redox genes, GSTP1 and SOD2, was decreased in senescence and not increased by SFN (Figures 3(j) and 3(k) ). The expression of Nrf2 was increased in senescence and increased further by SFN, whereas the expression of antagonist KEAP1 was decreased in senescence and unchanged by SFN (Figures 3(l) and 3(m) ). There was a decreased expression in autophagy marker SQSTM1 and proteasome subunit PSMA1 in senescence which was not corrected by SFN, whereas the expression of proteasome subunit PSMB5 was increased in senescence and increased further by SFN (Figures 3(n)-3(p) ). There was a decreased expression in lipogenic gene expression in senescence, SREBF1 and FASN, suggesting that SREBF1 was likely not a driver of MRC-5 fibroblast senescence; these effects were unchanged by SFN (Figures 3(q) and 3(r) ). SFN decreased senescenceassociated inflammation, as indicated by partial reversal of the senescence-associated increased expression of monocyte chemoattractant protein-1 (MCP-1; gene CCL2) and decrease in intracellular adhesion molecule-1 (ICAM-1) expression (Figures 3(s) and 3(t) ).
Considering extracellular matrix-related genes, SFN surprisingly increased the expression of matrix metalloproteinase-(MMP-) 1 and pro-α1(I) chain of collagen-1 in senescence. Increased MMP-1 by SFN may inactivate the SASP and thereby contribute to senescence delay. MMP-3 was characteristically increased in senescence whereas expression of MMP-13 was unchanged ( Figure S2, a-d) . The expression of CDKN1A (p21) was unchanged and SER-PINB2 expression was decreased in senescence, suggesting that CDKN1A and SERPINB2 may not contribute to MRC-5 fibroblast senescence although they were implicated in other models of cellular senescence [23] . Expression of NFKB1 and NFKB3 of the NF-κB inflammatory signaling system was unchanged in MRC fibroblast senescence and was also unchanged by SFN treatment ( Figure S2 , e-h). For aldehyde metabolism, AKR1C1 expression was decreased in senescence and increased by SFN in both nonsenescent and senescent cells. HIF1A was increased by SFN in senescent cells only. Expression of the following genes was unchanged in senescence and by SFN treatment: SOD1, GCLC, GXP1, MRP2, GLO1, MAFG, ELN, and TLR4 ( Figure S2 , i-r).
Mechanism of Decrease in Senescence-Associated
Increased Glucose Consumption in MRC-5 and BJ Fibroblasts by Sulforaphane. To explore the mechanism of SFN-induced decrease in glucose metabolism in the delay of fibroblast senescence, we studied the expression of genes regulating glycolysis and cellular uptake of glucose. The expression of the master regulator of glycolytic enzyme expression Mondo A (MLXIP) was decreased in MRC-5 fibroblast senescence, and this was unchanged by SFN treatment; the expression of its functional complexing partner, max-like protein X (MLX), was unchanged in senescence and by SFN treatment (Figures 4(a) and 4(b) ). The relative mRNA copy number of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2), controlling levels of glycolytic regulator fructose-2,6-bisphosphate (F-2,6-P 2 ), was decreased in MRC-5 fibroblast senescence and was unchanged by SFN treatment. Treatment with SFN, however, decreased PFKFB2 protein in senescent MRC fibroblasts by 31% (Figures 4(c)-4 (e)) which serves to curb glycolysis in SFN-treated fibroblasts and may contribute to the delay of senescence.
A further level at which glucose metabolism is regulated is hexokinase (HK) which catalyzes the formation of glucose-6-phosphate (G6P) from glucose -the initial entry of glucose into glycolysis and pentose phosphate pathway metabolism. HK1 and HK2 isozymes are expressed in fibroblasts. HK1 and HK2 mRNA levels were increased in senescent MRC-5 fibroblasts, and this was not corrected by SFN, although there was a time × treatment effect where SFN decreased mRNA of HK1 and HK2 in senescence (Figure 4(f) ). In BJ fibroblasts, SFN treatment increased HK1 mRNA modestly in both early and late passages whereas for HK2 it was decreased in senescence (Figure 4(g) ). A similar effect was found in BJ fibroblasts where SFN decreased HK2 protein in senescence (Figures 4(h) and 4(i) ). In contrast, SFN increased G6PD protein in BJ fibroblasts in both early and late passages (Figures 4(h) and 4(j) ). SFN treatment of senescent fibroblasts may therefore decrease glucose metabolism by decreasing the expression of HK2. The concomitant increase in G6PD protein serves to decrease the cellular concentration of G6P -an essential cofactor for nuclear translocation of Mondo A/Mlx complex; SFN thereby suppresses glycolysis at the transcriptional level. A similar effect of increased G6PD expression induced by SFN in senescence was found for MRC-5 fibroblasts, which was associated with effects on other pentose phosphate pathway genes, TXT and TALDO1 (Figures 4(k)-4(m) ).
An additional level at which SFN imposes a CR response was through increased expression of thioredoxin-interacting protein (TXNIP). The most profound effect of senescence on the gene expression of MRC-5 cells was the 8-fold increase in the expression of TXNIP. This was increased further to 21-fold by treatment with SFN (Figure 4(n) ). Increased TXNIP expression was also found to be the most responsive gene to SFN treatment in MRC-5 fibroblast senescence by transcriptomics analysis -see below. TXNIP is an ARE-linked gene [24] . TXNIP provides a curb on cellular uptake of glucose by stimulating internalisation of glucose transporters expressed in fibroblasts, GLUT1, GLUT3, and GLUT4 in [25] [26] [27] . On the approach to senescence, therefore, MRC-5 fibroblasts seek to curb the cellular uptake of glucose by upregulating TXNIP expression. SFN treatment raises this curb further to a 21-fold increase of TXNIP mRNA and thereby likely succeeds. To gain evidence of this, we quantified the glucose-derived glycation adduct, fructosyl-lysine (FL), residue content of cell protein in MRC-5 fibroblastsproviding a summation of glucose exposure over the cell lifespan. The FL residue content of cell protein in MRC-5 fibroblasts was decreased by 22% during the approach to senescence and 49% by treatment with SFN, compared to nonsenescent controls, suggesting that there is a curb on glucose uptake on approach to senescence which is potentiated by SFN treatment (Figure 4(o) ).
Prevention of Senescence-Associated Oxidative Damage and Nonsulfhydryl Protein Cross-linking of Cell Protein by
Sulforaphane. There were multiple indications of earlystage protection from oxidative damage by SFN treatment: decreased flux of 8-oxodG DNA (Figure 1(i) ) and decreased flux of formation of the protein oxidative damage marker, glutamic semialdehyde (GSA), in MRC-5 fibroblast cultures at the early approach to senescence (Figure 4(p) ). Surprisingly, the cellular concentration of thiol antioxidant, GSH, was increased ca. 3-fold in MRC-5 fibroblasts at senescence and increased further by SFN treatment -likely linked to an SFN-induced increased expression of GCLM (Figure 3(i) ). This increase may, however, be an attempt of cells to counter the increasing oxidative threat from increased flux of ROS from dysfunctional mitochondria where mitochondrial density is also increased 4-fold [28] .
SFN also decreased the cell protein content of transglutaminase-produced cross-link GEEK by ca. 45%: 3.15 ± 0.71 versus 1.74 ± 0.29 mmol/mol lys. This likely reflected increased proteolysis and clearance of GEEKmodified proteins since the flux of formation of GEEK was increased 5-fold on approach to senescence and was not decreased by SFN (Figures 4(r) and 4(s) ). GEEK was the major protein cross-link detected in MRC-5 cell protein; cf. levels of the major protein glycation cross-link glucosepane (0.079 ± 0.016 mmol/mol lys) and oxidative cross-link dityrosine (0.34 ± 0.07 mmol/mol lys) which were unchanged in SFN-treated cells. (Table S1 ). Treatment with SFN corrected 38 of these expression changes in senescence (Table 1) . Among gene expressions increased in senescence and corrected by SFN were pyruvate dehydrogenase kinase 2 (PDK2), linked to increased glycolysis in senescence [29] ; pyruvate dehydrogenase phosphatase 2 (PDP2), associated with increased HK2 and PDK4 driving mitochondrial dysfunction in senescence; protein phosphatase 1 regulatory subunit 3G (PPP1R3G), which stimulates glycogen synthase activity; collagen type IV alpha 3-binding protein (COL4A3BP), linked to control of mitochondrial fission and fusion, dysfunction, and mitophagy; and Tax1-binding protein (TAX1BP1), a ubiquitin-binding adaptor protein involved in the negative regulation of NF-κB.
There were 15 genes with expression that changed between SFN-treated senescent and SFN-treated nonsenescent fibroblasts (Table 2) ; only two of these changes were found between untreated senescent and nonsenescent fibroblasts -increased ACKR4 and MOB4 expression. The highest change in SFN treatment-linked gene expression was increased TXNIP, supporting the large increased expression found in mRNA quantitation by the NanoString method (see above).
Discussion
We show herein for the first time that SFN, a health beneficial isothiocyanate formed from a glucosinolate precursor in broccoli, delays fibroblast senescence through a CR mimetic-like response. This was achieved by treatment with 1 μM SFN, once per week -a concentration and dose frequency which was nontoxic to fibroblasts and is also achievable clinically [30] .
The response was associated with glucose and glycolytic restriction mediated by a multitier mechanism limiting the cellular availability and metabolism of glucose: increased expression of TXNIP, curbing the entry of glucose into cells; decreased HK2, curbing the entry of glucose into cellular metabolism; and decreased PFKFB2 and increased G6PD, downregulating glycolysis. Benefits accrued were protection from increased protein and DNA oxidative damage and GEEK protein cross-linking, which are otherwise part of increased macromolecular wear-and tear driving senescence.
We observed a profound increase in glucose consumption by MRC-5 on the approach to senescence and countering of this by SFN. A similar response was found in BJ fibroblasts. Increased glucose metabolism was mediated by * , * * , and * * * , P < 0 05, P < 0 01, and P < 0 001 with respect to passage 4 untreated control; o and oo, P < 0 05 and P < 0 01 with respect to passage 8 untreated control; t-test. increased HK2 expression at mRNA and protein levels. Increased HK2 mRNA and total HK activity in senescent human fibroblasts was reported previously [31, 32] . Total HK activity is particularly sensitive to HK2 expression; both HK1 and HK2 operate close to saturation with glucose substrate in situ where k cat for HK2 is ca. 5 times higher than that of HK1 [33] . SFN decreased MRC-5 fibroblast glucose metabolism by HK through multiple reinforcing mechanisms: (i) increased TXNIP expression which decreases the availability of glucose to HK by curbing the cellular uptake of glucose [25] [26] [27] ; (ii) increased expression of G6PD, decreasing G6P and downregulating transcriptional induction of HK2 by Mondo A/Mlx/G6P complex [34] ; and destabilization of the HK2 protein to proteolytic degradation through a decrease in cellular glucose concentration [35] -indicated by decreased FL residue content of cell protein.
Increased cellular HK2 activity on the approach to senescence with cells replete with glucose leads to increased cellular G6P concentration. G6P is the first metabolite of glycolysis and pentose phosphate pathways of glucose metabolism. It is also an essential cofactor for functional activity of the Mondo A/Mlx complex that increases expression of glycolytic enzymes by complex translocation to the nucleus and binding to promoter carbohydrate response elements of target genes, including expression of TXNIP as an autoregulatory curb on glucose metabolism during periods of excess glucose availability [36] . Increased TXNIP expression was found in untreated MRC-5 fibroblasts in senescence, likely occurring as an indirect response to increased glycolysis stimulated by increased HK2 expression. The curb fails as increased glucose metabolism occurs in senescence. Expression of TXNIP in senescence was enhanced further, however, by treatment with SFN.
A further feature of increased glycolysis mediated by HK2 is the accumulation of G6P and partial displacement of HK2 from mitochondria, impairing mitochondrial oxygen consumption similar to that found under conditions of inhibition of ADP recycling [37] . This increases the mitochondrial membrane potential and ROS formation, contributing to previously observed mitochondrial dysfunction and telomere shortening [38, 39] . A marker of HK2 displacement from mitochondria is increased metabolic channelling of G6P to glycogen synthesis [37] . Increased glycogen deposition is a long-established characteristic of senescent fibroblasts [40] . Indeed, MRC-5 fibroblast senescence was associated with increased expression of PPP1R3G hereina positive regulator of glycogen synthesis, which was corrected by SFN treatment. SFN induced decrease of glucose metabolism by HK2 likely suppressed dysfunction of mitochondria and increased ROS formation -reflected in decreased oxidative damage to DNA and protein.
Increased glycolysis in fibroblast senescence may be also driven by increased PFKBP2 activity [41] , increasing levels of the allosteric positive regulatory cofactor of glycolytic enzymes, F-2,6-P 2 [42] . SFN treatment decreased PFKBP2 protein in senescent MRC-5 fibroblasts, likely through increased proteasomal proteolysis. This synergises with other glycolysis restriction effects of SFN. The above processes are summarised schematically ( Figure 5) .
In transcriptomic analysis, SFN treatment corrected 36% of gene expression changes found in senescence. Changes in gene expression related to suppression of increased glycolysis (PDK2, PDP2) improved mitochondrial Genes listed had expression changes between passages 3 and 11 in MRC-5 fibroblasts which were corrected by SFN treatment. Gene expression changes are rank-ordered by log 2 expression change (highest to lowest). P values are with Bonferroni-correction applied.
function (COL4A3BP), increased glycogen synthesis (PPP1R3G), decreased inflammation (TAX1BP1), and increased proteolysis (TRIM63). These are likely linked to the glycolytic restriction and downstream effects of SFN contributing to delay of senescence. The apparent disparity between outcomes in microarray transcriptomics analysis and mRNA copy number array was due to the robust quantitative methodology of the latter technique. Where gene expression changes were large -such as for SFN treatment-associated increase in TXNIP expression in senescent MRC-5 cells -outcomes from the two methods were corroborative. SFN-induced decrease in cell protein content of the major cellular protein cross-link, GEEK, formed by transglutaminase may also contribute to delay of senescence. Histone proteins are targets for cross-linking in senescence and may thereby impair replicative capacity [43] . Increased crosslinking activity in senescent fibroblasts parallels the increased expression of transglutaminase-2 -the most abundant transglutaminase in fibroblasts with expression increasing 5-fold in senescence as part of the senescence phenotype [44] . This was confirmed as linked to increased protein cross-linking herein by the ca. 5-fold increase in flux of formation of GEEK on approach to senescence. SFN corrected the increased cellular protein content of GEEK in senescence by increasing the clearance of GEEK-modified proteins. This was likely mediated by increased cellular proteolysis since flux of GEEK formation remained unchanged. This suggests GEEK crosslinking of cellular proteins may be efficiently removed and excreted by SFN treatment. This cross-linking may contribute to dermal and other fibroblast stiffening with age. For dermal fibroblasts, this is directly linked to altered viscoelastic properties of the collagen matrix and may contribute to the age-related impairment of elastic properties in human skin [45] . The action of SFN in decreasing GEEK protein cross-links may be a route to a dermal rejuvenation effect.
Our experimental findings show evidence of cellular glucose and glycolytic restriction induced by SFN associated with delay of fibroblast senescence. Glucose is a major caloric nutrient source of human fibroblasts in primary culture [46] , and therefore, this may also impose CR and SFN thereby achieving a CR mimetic-like response. Whether dietary exposure to SFN in vivo imposes a similar CR-like effect is unknown but may now deserve investigation. Glucose and glycolytic restriction of MRC-5 human lung fibroblasts was found to delay senescence previously. This was associated with decreased expression of p16 INK4a (p16) -an activator of cell senescence, mediated by chromatin remodeling through effects on histone acetylation and methylation of the p16 promoter where increased expression of sirtuin-1 (SIRT1) was involved [47] . Increased activity of SIRT1 is thought to mediate CR and increased longevity effects of trans-resveratrol and similar compounds [48] . This provides a link between cellular glucose and glycolytic restriction effects of SFN found herein and previous approaches for development of CR mimetics [49] .
Conclusions
The results of this study suggest the following conclusions:
(1) SFN delays the senescence of human MRC-5 and BJ fibroblasts in vitro (2) Cell senescence is associated with a progressive and marked increased rate of glucose metabolism through glycolysis, and this is countered by SFN treatment -glycolytic restriction previously found to delay senescence [7] (3) SFN decreased glucose metabolism on the approach to senescence by increasing the expression of TXNIP, curbing the entry of glucose into cells; decreasing Genes listed had expression changes between passages 3 and 11 in MRC-5 fibroblasts treated with SFN. Gene expression changes are rank-ordered by log 2 expression change (highest to lowest). P values are with Bonferroni-correction applied.
HK2, curbing the entry of glucose into cellular metabolism; decreasing 6-phosphofructo-2-kinase, downregulating the formation of the allosteric enhancer of glycolysis F-2,6-P 2 ; and increasing G6PD, downregulating the ChRE-mediated transcriptional enhancement of glycolysis by Mondo/ Mlx/G6P (4) SFN also enhanced the clearance of proteins crosslinked by transglutaminase which otherwise increased in senescence (5) Screening of compounds to counter senescenceassociated glycolytic overload may be an effective strategy to identify compounds with antisenescence activity
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request. Text boxes indicate processes involved in senescence-associated glycolytic overload. These are reversed by SFN treatment except for TXNIP-mediated curb on glucose uptake which is enhanced. Key: green, transcriptional and allosteric effectors for increased glycolysis; blue, HK2 displacement from mitochondria with increased cellular G6P, with metabolic channelling to glycogen synthesis. VDAC: voltage-dependent anion channel.
